Introduction
The electrochromic [1.2] and semiconducting [3] properties of lanthanide diphthalocyanines (Ln(Pc)2) have attracted intensive research inter est in the past two decades. Much of the work has been focussed, in particular, on the Lu derivatives, since this ion has the smallest ionic radius within the lanthanide series which leads to the most attractive interactions between the tc electron sys tems of the two neighbouring Pc ligands. The unu sual electrical properties of these compounds are closely correlated to the peculiar radical nature of one or both Pc ligand(s). There remains some un certainty and debate about the composition of the "green compounds'* [4] . Two structures have been proposed: (i) a protonated complex H[Ln(Pc2")2] with a labile hydrogen and (ii) a half oxidized neu tral compound Ln(Pc)2. A third structural pro posal as a lanthanide monophthalocyanine, e.g. Ln(Cl)Pc2~, suggested by Kirin et al. [5] , has been excluded by Boas et al. [6] , who claimed an acidbase equilibrium (eq. (1 ) 
Early lanthanides have been largely excluded from these investigations because of difficulties with the synthesis, particularly of the diphthalocy-* Reprint requests to Dr. H. Homborg. anines of La and Ce. These problems have been resolved recently [7] , and the spectroscopic and structural properties of the whole series of the an ionic complexes [Ln(Pc2_)2]~ (Ln = L a--L u) with different cations, including H 4, have been investi gated in detail [8] [9] [10] . We have now directed our interest towards oxidized diphthalocyanines of the early lanthanides, and report here on the prepara tion. spectroscopic properties and crystal structure of the half oxidized complex di(phthalocyaninato)-lanthanum , [La(Pc)2] • CH2C12. Diagnostic spectral differences with regard to H[La(Pc2_)2] are pointed out and significant clarifications as to the nature of the "green com pounds" are presented.
Results and Discussion

Preparation and properties
The oxidation potentials of lanthanide diphtha locyanines increase almost linearly with increasing ionic radius of the rare earth ion [11] . In the cyclic voltammogram shown in Fig. 1 
occurs at E 1/2(I) = 0.34 V (AEC a ~ 78 mV), in good agreem ent with this linear relationship. Above 0.5 V. poorly resolved waves are detected at -0 .6 V and -1 .0 V on the aniodic current sweep (not 0932-0776/95/0800-1200 $06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved. shown). The corresponding cathodic waves are missing, but a new wave at 0.08 V is observed in stead. Such irreversible behaviour was docu m ented for diphthalocyanines of other earlier lan thanides and has been attributed to chemical instability of the oxidized products. However, sta ble diphthalocyanines of Ce and Pr have been iso lated in different oxidation states [12, 13] . We therefore assume that this irreversibility is caused by the m oderate solubility of the oxidation pro ducts which form an electrically conducting film on the surface of the electrode. This also applies to the half oxidized complex [La(Pc)2] which is in soluble in most common solvents. The stepwise reduction of the two Pc ligands yields complexes of the Pc3-radical anion at E 1/2(II) = -0.99 V (AEc a~1 1 0 mV) for the redox couple
In accordance with this electrochemical behavi our, [La(Pc)2] has been prepared, as the dichlorom ethane solvate, by the anodic oxidation of (/7Bu4N)[La(Pc2_)2]. After several days, black nee dles suitable for single crystal X-ray structure de term ination appeared at the Pt electrode. The bulk dark-green microcrystalline product has been shown to have the same composition as the single crystal by use of X-ray powder diffraction m ea surements.
Acidification Crystal data and details of data collection and crystal structure so lution are given in Table I . Atomic coordinates and equivalent isotropic displacement coefficients for the non-hydrogen atoms are given in Table II . Selected bond lengths and angles are given in Table III (2) 3946 (1) 6639 (1) 4589 (2) 29 ( (4) 3729 (1) 6891 (1) 8773 (1) 26 (1) N (5) 2928 (1) 6892 (1) 6769 (1) 28 (1) N (6) 4671 (1) 6457 (1) 6105 (1) 33(1) N (7) 3259 (1) 6452 (1) 2839 (2) 34 (1) N (8) 4297 (1) 7500 10195 (2) 25(1) N (9) 3307 (1) 6029 (1) 7896 (2) 30(1) N (10) 2340(1) 7500 5420(2) 29(1) C (l)
4788 (1) 7021 (1) 6351 (2) 31 (1) C (2) 5235 (1) 7194 (1) 7069 (2) 36(1) C (3) 4282 (1) 6289 (1) 5294 (2) 33(1) C (4) 4163 (1) 5677 (1) 4999 (2) 35(1) C (5) 3751 (1) 5678 (1) 4051 (2) 36(1) C (6) 3628 (1) 6291 (1) 3789 (2) 32(1) C (7) 3154 (1) 7016 (1) 2542 (2) 34(1) C (8) 2767 (1) 7203 (1) 1457 (2) 36(1) C (9) 4112 (1) 6988 (1) 9773 (2) 26(1) C (10) 4307 (1) 6430 (1) 10333 (2) 29(1) C ( ll)
4016 (1) 5999 (1) 9659 (2) 26(1) C (12) 3651 (1) 6299 (1) 8700 (2) 26(1) C (13) 2972 (1) 6302 (1) 7020 (2) 29(1) C (14) 2586 (1) 5998 (1) 6150 (2) 32(1) C ( 15) 2313 (1) 6428 (1) 5410 (2) 30(1) C (16) 2527 (1) 6985 (1) 5862 (2) 27(1) C (17) 5629 ( (24) 2087 (1) 7204 (1) -255(2) 55(1) C (25) 4697 (1) 6292 (1) 11269 (2) 36(1) C (26) 4795 (1) 5710 (1) 11528 (2) 44(1) C (27) 4510 (1) 5276 (1) 10854 (2) 40(1) C (28) 4118 (1) 5415 (1) 9909 (2) 34(1) C (29) 2492 (1) 5411 (1) 5893 (2) 38(1) C (30) 2119 (1) 5273 (1) 4842 (2) 44(1) C (31) 1849 (1) 5704 (1) 4094 (2) 47(1) C (32) 1938 (1) 6288 (1) 4355 (2) 40 ( Cy-Cö-Cfr
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Cß -Cß quence of the large La111 radius, the mean distance L a -N iso of 2.513(1) A is significantly longer than in the corresponding Lu complex (2.380(2) A). The four Niso donor atoms of each macrocycle are coplanar forming quasi parallel planes, with a di hedral angel of -1°. The La atom is considered equidistant to both planes (1.556 A resp. 1.550 A to A resp. B). The distance between the planes is much longer compared to the Lu analogue, and this allows a smaller distortion of both Pc rings. The Pc ligand B is approximately planar with dihe dral angles between the (N iso)4 plane (N4, N 4 ', N5, N 5') and the mean planes of the isoindole moieties of less than -1°. Macrocycle A is dis torted asymmetrically in a saucer shaped manner.
In particular, one isoindole moiety containing N 1 and C18 is displaced with respect to the (Niso)4 plane (N 1, N 1', N2, N3 In this orthorhom bic (y-)modification the rings keep their individuality, and we assign the more planar ring B to the oxidized Pc-ligand. Despite the partial deviaton from planarity, the inner ring bond distances and angles given in Table III closely resemble those of other metallophthalocyanines [16] . Table II ) are located on the pseudom irror plane. The CC12 plane deviates by -9° from being parallel with respect to the mean plane of the isoindole moiety which has the great est distortion from planarity. Instead of the solvate molecules being located inside the unit cell, those of the neighbouring unit cells having the shortest distance (> 3.5 A) to the diphthalocyanine units are shown. There is no interaction between the complex and the solvate. 
Electronic absorption spectra
The electronic absorption spectra of [La(Pc)2] (a) and H[La(Pc2~)2] (b) (500-39000 cm -1) are compared in Fig. 4 . Due to their low solubility in common solvents, spectra have been m easured on solid complexes dispersed in KBr pellets. Both spectra show strong tc-j z * transitions of the Pc2-macrocycle at 14300/14600 cm -1 and 30500/29000 cm -1. These are assigned as B and Q band, respec tively [18] . The considerably broadened B band for FI[La(Pc2_)2] has no pronounced fine structure. This is typical of the spectra of cofacial (Pc2~)2 sys tems on account of strong exciton coupling and the shape is comparable to the B band in the spectrum of [La(Pc2 -)2]~ [7] , The shape of the B region in the spectrum of [La(Pc)2] is more complicated, indi cating the presence of two distinctly different Pc molecules in accordance with the molecular struc ture. The absorption at 16100 cm -1 is too strong to be assigned to the vibronic structure found in typical "D 4h-spectra" of metallomonophthalocyanines (MPc2~) [4] . From a comparison with oxi dized metallophthalocyanines (M Pc-) [19] , espe cially those of tervalent metal ions [20] , this band should be attributed to the B band of the oxidized Pc" moiety. The high energy of this B band may [19] . Because of this excitonic coupling, the B band is split into a dipole-forbidden lower and dipole-allowed higher energy band. The low en ergy band (often called "dimeric band") is gen erally observed in the near infrared region (NIR) [19] and should be assigned to the bands at 8500, 9700 and 11200 cm -1, while the high energy band is at 16100 cm -1. Simon et al. [21] have found sim ilar, but stronger N IR bands in the spectra of the later lanthanide diphthalocyanines, whose band shape and energy depend slightly on the Ln111 radius. Thus an intram olecular charge transfer Pc2 LnPc~ ^ Pc"LnPc2_ is assumed. The absorp tions at 19400 and 21500 cm -1 are characteristic of the Pc~ radical and may be assigned to Q bands if it is assumed, that the sequence of the ji, tc* orbit als of the macrocycle is shifted (at least partially) to lower energy, but not changed, upon oxidation. As in other reported MPc~ species, the energy of these Q bands is not much affected by different coordination geometries [20] . The extinction coef ficients of the Jt-Jt* transitions of Pc-are 5 to 10 times lower than those of the Pc2-ligand due to the reduced electron density. This accounts for the small contribution of the Pc-moiety to the overall shape of the electronic absorption spectrum.
To our knowledge, no report has previously been given for the low energy band observed at 4600 cm -1 in [Ln(Pc)2] type complexes. A bsorp tions at comparable energy have been observed for oxidized compounds such as LiPcX (X = Cl, Br, I) [22] and [Pr(Pc)2]Bri 5 [12] . For the latter compounds, this band may arise from the "dimeric band" shifted to lower energy upon incorporation of dopant (in this case brom ine) accompanied by an organization of the molecules into quasi one dimensional columnar stacks with strongly in teracting macrocycles. Conspicuously, all partially oxidized metallophthalocyanines exhibit unusual electrical conductivities (10-2 to 10-5 Scm-1) and this is valid for polycrystalline [La(Pc)2] • CH2C12, too, whose semiconducting behaviour (3-10~5 Scm-1) is comparable with that of [Lu(Pc)2] • CH 2C12, while H[La(Pc2")2] is an insu lator. We therefore propose to assign this low en ergy band to electron-phonon coupling.
Vibrational spectra
The IR spectra of H[La(Pc2')2] (a) and [La(Pc)2] (b) shown in Fig. 5 show the "signature" of the different Pc macrocycles from 400 to 1650 cm -1. In the far infrared (not shown) only a few weak bands are observed. In contrast to the electronic absorption spectrum, the vibrational spectra of [La(Pc)2] are dom inated by vibrations essentially due to the Pc-component of the molecule. In the IR spectrum of [La(Pc)2] the strong band at 1312 c n r 1 in combination with the absorptions at 1356 and 1439 cm -1 are known to be characteristic of the Pc" ligand [19] . These bands are assigned to C -N stretching vibrations of the inner (CN)8 ring and C -C stretching vibrations of the pyrrole moi- eties of the macrocycle. They correspond to the metal sensitive bands at 1329, 1402 and 1474 cm " 1 in the spectrum of H[La(Pc2~)2], and shifts to lower wavenumbers are caused by the reduced electron density within the it electron system. Fur ther characteristics of the ligand centered oxida tion are the attenuated intensities of the band group around -7 2 5 cm -1 and 1100 cm " 1. L anthan ide diphthalocyanines containing more oxidized Pc ligands, e.g. [Pr(Pc)2]Br! 5 [12] , show similar IR spectra. Only the disappearance for these com pounds of the band centred at 1107 cm -1 allows a distinction from the half oxidized [LnPc2]-type complexes.
In Fig. 5 c -e selected resonance Raman spectra of [La(Pc)2] are shown. The shapes of the spectra depend strongly on the excitation wavelength, a common feature in the resonance Ram an effect. Typical Pc-spectra were observed when excitation wavelengths between 457.9 and 514.5 nm were used, with strongly enhanced Ram an lines at 1593, 1170 and 1112 cm " 1. None of these point to the presence of a Pc2-ligand. In resonance with the B band absorptions (647.1 nm, Fig. 4e ) the defor mation vibrations at 400-900 cm -1 are selectively intensified and the spectrum closely resembles those reported by Aroca et al. for [Ln(Pc)2] where Ln = Pr, Dy, Ho [23, 24] , These B band enhanced spectra have almost the same signature for the Pc2" and P c" ligands [20] , and are less valuable for the diagnosis of the oxidation state of the macrocyclic ligand. Table I . The structure was solved by direct methods. Full-matrix least-squares anisotropic re finement for all non-hydrogen atoms yielded R x = 0.037, wR 2 = 0.114. Hydrogen atoms were placed in idealized positions with isotropic thermal parameters. The maximum and minimum peaks of the Fourier difference map corresponded to +0.77 and -1.15 e/A 3, respectively. Programs used: SHELXS-86 [25] , SHELXL-93 [26] , ORTEP [27] , X A N A D U [28] , Powder diffraction: D 500 diffractom eter (Sie mens AG) with C uK a radiation.
Conductivity: Two-point-method with com pressed powder.
